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CALCULATION OF EXPLOSIVE ROCK BRULKAGE: OIL SHALE

J. N. Johnson, Los Alamos Scientific Laboratory

ABSTFL4CT

Improved efficier y in explosive rock breabge
becomes increasingly important as mining coats and
the need to tar underground resources continue to
grow. Industry has recognized this nee~ for many
years an~ has done a great deal in developing nev
products and new blasting techniques, generally by
purely Wpirical means. One particular application
that has received addeti attentior within the past
several years, ad one that lends itself to a more
objective theoretical study, is explosive fracture
of cil shale for conventional and in S{YU fossil

.,
energy recovery.

Numkrical” ca!culatio; of oil shale fracturlza-
tion with commercial explosives has the potential
tc add to ao objective understanding of the break-
age process. Often, in such numerical studies,
only one or two parts of the total problem are ad-
dreased with any degree of sophistication or com-
pleteness. Here an attempt is made to treat the
●ntire problem, i.e., explosive characterization,
constitutive “ehabjor of intact rock, and a mathe-
matical description of rock fracture. The final
results are two-dimensional calculations of explo-
sively induced fracture damage in oil shale.

I?VRGDYCTIOK

A subject of current national interest is en-
argy and mineral resource recovery, and an impor-
tant part of this subject ia controlled rock blaat-
ing with commercial ●xploaivea. Explosive rock
blasting haa been a udied empirically by ● number
of investigatora,l-~ Generally, these studies con-
aiat of developing empirical relationships betwaen
rock blasting efficiency ●nd detonation velocity,
●nargy releaae, ●xpanalon work, ●tc. The reaaon
for euch an approach la that detailed consideration
of ●ctual explosive performance, coupled with high-,
intetmadiate-, ●nd low-strain-rate fracture rnechan-
ica to pradict ectual removal of rock from ● blast-
ing face, ia ●n extremely difficult prublem, How-
ever, ●e our predictive cepabilitiee in dynamic
rock fracture cotitinue to improve, it becomes

References and illuatrationa at end of paper,

possible to perform useful numerical calculations
of explosively induced rock breakage, provided that
a data base and the corresponding mathematical
models are established for the following thrae as-
pects of the problem: (1) performance properties of
commercial exr:05ives, (2) constitutive properties
of intact rock, and (3) the failure surface and
post-failure constitutive properties cf fractured
rock.

In this paper an attem?t is n,~de to address
all three aspects of the problem, Experimental anc
theoretical results are given on the performance
properties of one of the most widely used commer-
cial explosives, AWO (_&nmonium~itrate!~uel ~il
rcixture), in cylindrical geometry at 10 cm, 20 cr.,
and~*.30 cm diameter, This is followedby a sumary
of the mechanical properties of intact oil shale as
functionsof initial density or, equivalently, kerc-
gen content. The stress atatesforwhict, failure oc-
curs and the peat-failure properties of fractured
rock are defined in terms of a yield surface and a
single scalar parameter U, termed the “damape,”
which goes from O for intact rock to 1 for fully
frwtured rock, Finally, tvo-dimensional finite-
di. :;ance calculations based on these data and
models are performed for explosive fracture of oil
shale in cylindrical (cratering) and planar (bench
blasting) geometries,

The underlying goal of this work ia to develop
improved descriptions of explosive rock breakaFe
baaed on first principles, or aa near to first
principles as fs currently practical.

NONIDUI.LEXPLUSIVE CHARACTERIZATION

Uany exploaivea ayatems have been studied ex-
tensively ●nd their behavior ia extremely well un-
derstood. However, whan explosive performance
~.osely follows theoretical behavior (we aay the
explusive Fehavea ideally), economic considerations
often limit applicability becauae of the ccst of
the gre~t quantities of explosive needed on a com-
mercial’ scalt. On the -ther hand, commercially
Ovailable explosives are Inexpensive but usually do
not bahave according to steady-state theoretical



predktion6 baaed on ●quilibrium thermod~ics of
the mxpected detonation products (such ez; lcsives
mxhibit nonideal behavior). Therefore, for non-
ideal c-ercial eatploslve syet=n, extensive meac-
urrnent of several perfomence par=eter6 are nec-
mesary to ●ssess correctly the ●ctual behavior ●nd
deperture from ideal condition. Be:euse the per-
formance of comerciml mxplo~ives is geomet~ ●nd
confinement dependent, it Ir importent to te6t them
uoder conditions that closely ●pproximate ●ctual
field ●xplications.

Fstperimental ●nd theoretical result~ ●re pre-
●entet here for the characterization of AHO (hn-
moniu= Nitrate/Fuel Oil, approxkately 9~ wt?/6wt%)
at ● nominal density of 0.9 8!cu13 in cylindrical
geometry tith Plexiglas ●nd clay confinement. This
work (expioslve characterization) is described in
detail in Ref. 6.

Preliminary rate-stick experiments (confined
cylindrical 6pectiens In which detonation velocity
●long the cylinder axip is meaeured) show that ANPO
does not undergo h~gh-o?der detonation for diame-
ter6 lese than % 7.5 cm with Plexiglas confine-
ment.6 The meagured detonation velocity for a 10-
cm-diameter spectien with Plexiglas conflnemenc was
3.5 lmrlft. The 10-cm-diemeter test detomted high
order as dete.?nined by ionization pin measurements.

Rate-stick mxperimelts give detonation veloc-
iryas+ wellas information on the t,ffectsof confine-
merit and charge diameter, but they do not provide a
quantitative understandingof the physical andchemi-
cal phenoaena occurri~e behind the detonation front.
Therefore, the water-Lank experiment was developed to
measure simltane~usly detonation velocity and pres-
cur%, confin~.erc effects, ●nd the release Isentrape
from the Cha-#ian-Jouguet (C-J) state, Figurel nhowa
● schmnatic diagrer, of the experimental setup for the
HE/vater-tank ●xpertiente. Aconfined cylinder of
8Xp10SlV~ is detonated fr~t one ●nd in W8ter.

The data consist of measured radial poBitionB
of the confinement tube and the water shock ●s
functionn of position behind the detonation front
photographed with an image-lntensicier cmmera
(12c).7 No-dimensional hydrodyne.mic calculations
of the ●quarium shots are then performed and cnm-
pared with ●xperimental d:lta, giving considerable
information on the actual ●xploelv~ performance.
This method is similar to that used in perfo~ce
studies of other nonideal explosive ●yste.ms. -

The experimental 12C record for shot c-4632, ●

100-tm-diemeter cylinder of ANFO with Pluiglas
confinement, is shown in Fig. 2.

For ●hote C-4632 (lO-cm-diameter ANFO with
Plexiglas confinement) ●nd C-4652 (lo-cm-diameter
ANFO with clay-pipe confinement), the detonation
velocities ●re almost identical 3.40 Ion/e ●nd
3.47 lm/e, respectively. This indicatee that de-
tails of the type of confin-ent ●re not important
in thie configuration, em long as the ●ound ●peed
in the cocfining medium ia lace than the detonation
velocity. In fact, it is concluded that the con-
finement provided by both the PlexiRlas/water ●nd
clay/water ●yatems is ●quivalent to ●n infinite
medium with mechanical properties repreeantative of
typical rocks. It is ●leo noted that themeaeured
detonation’ velocity ie ●omewhat ices than the value
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Fig. 1. Positions of bubble and shock fronts
resulting from ● detonation wave of
velocity D propagating down an e%plocive
cylinder irmnersed in a tran~parent
confirming fluid.

Fig, 2, Shot C-A632; lo-cm-diameter ANFO
cylindar with Plexiglas confinement,
Three 12C mxposures,

,



of 3,9 kr,fs measured by Ilelm et al. 9 for a 10-cm.
diameter charge.

Based en ideal performance calcu?:tions using
the theoretical ●xplosive chemistry cl~e BK<,14
the detonation velocity for ANFO should be 5.44
lun/s vI:;> a detonation pressure of 7.3 GPa, if
the reaction were complete. Comparison with the
tneaaartd detonat.’on speed shows that conditions are
far from i~eal. When we go to a 20-cm-diameter
cylinder with clav-pipe confinement (shot c-46JLl,
the de:onatior. velocity increases to ~.12 ‘ti~s.
Conditions are tending toward ideal, but still have
a subs antial way to gc, Measurements made by l+elr
●t al. b show that detonation velocities in AhTC are
also well below ideal conditions for charge diame-
ters of 5,1 cm, 10.2 cm, and 29.2 cm.. Ic fact,
field dataQ on a 55@-cn charge of AhTO give a deto-
nation velocity of only 4.7 krL/s. Hence, even for
extremely large charges, the detonation velocity
remains considerably below the value predicted by
the BKk’code under the assumption of complete re-
action, Persson,15 however, reports detonator. ve-
locities in AhTO very close to the theoretical
value of 5.44 km/s for 26,8-cE charge~ zonfined in
rock.

Therefore, we conclude thst the detot.ation ve-
locity data obtained on IO- and 20-ctn-diameter ANFO
charges are consistent with existing data, and that
reactions in these geometries are nonideal, In ad-
dition, water-tank. data can be used to quantify
these effects.

TCIdescribe the observed explosive properties
of AhTO, it is assumed that some fraction of the
candidate resctants do not participate in the cher-
ical reaLticn at the detonation frcnt. A theoreti-
cal (BW)14 detonation speed of 3.5 km/s is ob-
tained if it is asauned that 557 of the ammonium
nitrate remains inert at the detonation front.
This agrees with measured velocity for the 10-crr,-
diameter AhTO water-tank test, and gives a C-J
pressure of 24 kbar.

Based on the explo equation of state for
55%-inert AhTO, a finite-difference calculation of
shot C-4532 is performed with the two-dimensional
Lagrangian code 2DL.16 A comparison of the theo-
retical and experimental results is shown in Fig. 3,
where it Ig seen that both the measured shock-wave
and F’lexiglas/water interface positions are in poor
agreement with the calculation,

Several additional RIW calculations were then
performed to determine the releaae isentrope from
the 2,h-GPa C-J point under the aasumptlon that the
AN continues to react. Based on the assumption
that all of the remaining (55%) AN is reacted bv
the time the pressure has dropped to 10 kbar behind
the detonation wava, a new relaase isentrope is
calculated and used in a second calculation of
water-tank shot c-4632. Figure 4 shows the results.
Note that both the shock and interface positions
●re it~ better ●greement with the experimental dat-.
These results are not sensitive to the precise way
in which the remaining AN is ●saumed to undergo re-
action.

$
1/4’ Ploxlglos

Fig. 3. Shot c-4632; comparison of measured
(circles) shock and int--=ace positions
with those calculated assuming that 55?’
of the AN remains inert behind the deto-
nation front. The contours sre the cal-
culated preasurea at 0,1 GPa intervals,
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Fig. 4. Shot C-4632; comparison of measured
(circles) shock ●nd interface positions
W:th those calculated asw.!ming tha: all
of tha remaining (55%) AN reacts by the
time the pressure drops to 10 kbar,
The contours ●re the calculated precsures
●t O,i GPa intervals.

The conclusion is that 55% of the attanonium ni-
trate remains inert at the detonation front in a
10-cm-diameter ANFO cvlinder, but raacts shortly



. ●fter the passage of the ~etonstion wave (i.e..
within ● few microsecond~).

Water-tank ●xperiment on 2@-cm-diemeter AKTO
cylinders in 2.2-cm-thick cXay pipe yield detona-
tion Velocities of 4.] b/6 corresponding to 38? of
the atmnoniur. nitrate remaining inert at the detona-
tion front. Co=?ariaon of Cwo-dimenslo,lal flnite-
difference calculations with measured shock and
clay-pipelsater interface positions indicate that
complete reaction is again ●chieved within a fev
microseconds after the paasage of the detonation
vave.

Chapmen-Jouguet 6tates and releaae adiabats
for 1O-CU, 20-cE, and > ~30-m-diameter AWG
charpes are shown in Fig. 5. These pressure-volume
states give the correct detonation speed as a func-
tion of diameter, ●nd accurately simulate other
featurea of the water-tank experiments. The sudden
change in alop~ for the 10-cn and 20-cm-diameter
caaes (dashed and dotted lines) corresponds to com-
pletion of the ammonium nitrate reaction behind the
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Fig. 5. Calculated C-J ataten ●nd relsaae ●diabata
for cylindrical AHFO chargas of various
diematera.

detonatiofi front. In all caaes (10-, 20-, and >.
“w39-cu disc.eters) the total ●nergy releaaed is the
same. Alnc shorn in FIB. 5 la the calculated re-
lease ●diabat for the 10-cm-diameter A*.TG cylinder
●sautfng that the unreacted (55?) mmr>ni~ nltrace
rw.sins inert behint the detonation. front. In this
case the total ●nergy releaaed ii much less ●n~ ●c-
courms for the large difference beween the calcu-
lation in Fig6. 3 ●nd 4.

. In the rock breahge calculations described
hem, separate logarithmic fite ●re -i?c tc the
comrlete thanotyn=ic ●quetion of state fer ,!!.To
●t 1O-CQ. 20-cE, ●nd larger (> “.3C)-cr) di~%eters,
as discussed in Ref. 16. These ●quations of state
are then uaeti in the twc-dimensional fracture cal-
culations presented in this paper.

CONSTI~TI1’E PROPERTIES OT INTACT AIYJ FRACTIT.E:OIi
sHAIE

The properties considered here are (1) elastic
moduli, (2) higl,-pressure Hugoniot re6ponse,
(3) the failure aurfece for intact rock, and (L)
loss of strength in partially and fu~ly fractured
rock. All properties are correlated with initial
density or, equivalently, kerogen content. 17 Only
those data pertaining to oil shale obtained from
the An\-il Point F!ine near Rifle, Colorado, are in-
cluded in development cf the material constitutive
description. Consequently, the data presented here
are not intended tc be a complete aurmviry of all
available information on the mechanical properties
of oil shale.

Experimental data hsve been collected from
various sources for dete~ination of mechanical
properties of Anvil Point oil shale of approxti.ate-
ly 1.4 g/cm3 (>80 gal/tor, kerogen conttnt) tc 2.5
g/cm3 (’.10 gal/ton kerogen content). Ultrasonic
data at zero confining preagure give average iso-
tropic shear (u) and longitudinal (Cll) moduli as
functions of initial density arcording to th~ fb]-
lwing relationsh~.ps:

1

Df)[l.L5 + 0.59(CI0 - 1.4)]2 ,

U(GPa) = (for 1.4 < CO< 2.0 glcm3)
(1)

:O[l.BO + 2.63(o0 - 2,0)]2 ,

(for 2.0 ~ co ~ 2.5 g/cm3)

I
00[2.80 + 0.5(00 - 1.4)12 ,

(for 1.4 < PO < 2.0 g/cm3)
Cll(cpa)=

(2)
00!3.1 + 4.l(C,O - 2.0)12 I

(for 2.0 < Go ~ 2.5 g/cm3) .

These ●quationa are obttiined by almple numer-
ical averngln~ of two shear wa’!e velocities, VL (1)
and ~6 (11), ●nd three longitudinal wave veloclti s.
V1 (11), V (1), and Vj(45”), obtained hYOlin@er . fh

iThe deperi ence of ultrasonic wave speeds on propa-
gation direction ●nd polarization la ● consequence
of ●laatic ●niaotropym Hsre VI (11), 1’3(1), and
V5 (45°) are longitudinal wave speeds parallel,
perpendicular, and t15* to the badding planes, whiti
Vk (1) and f’6 ([l) are shear wave Velocities per-
pendicular ●nd parallel to chc bedding planes. with
the polarization of V6 (1!) ●lmo psrallel to the
bedding planes, In the calculations pteaented here
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●larntic ●nisotropy is ignored because aniaotrcFic
●ffects tend to become less pronounced ●t higher
pressures (I.e., those encountered In explosive
lcmding) ●nd because we dc not yet have ● very com-
plete picture of ●nisotroplc e~fects on fracture.

Etigh-preaaure shock-wsve experiments19 show
that the shock velocity VE and particle velocity u
behind the shock front are related linearly accord-
ing to

Ua=cO+au , (3)

where co ■ [(CI1 - fIU/3)fG0]1f2 is the lo~-preseu~e
bulk sound speed from Eqs. (1) ●nd (2), and 6 a 1.5
independent of initial density. Equation (3) de-
fines the nonlinear pressure.%olum~ behavior of oil
shale at higt. pressure. This gives the following
preaaurclvolume relationship for the Hugor,iotmfle:

P = Poc;[l - v/vol/!l - a[l - v/vo])2 . (4)

Thenaal properties affect the shock compression of
oil shale only slightly but they are included in
the calculations. The values of specific heat Cv,
linear coefficient of thermal apansion a, and the
Grbneisen cnnstant to are assumed to be independent
of initial density and to be given by

~ ● 0.3 cal/g ,

a m 0,5 ~ IO-6 ,

ro- 1.4 .

The remsininE properties that must be definet
are those related to shear failure. The yield
6tren~th of Anvil Point oil shale has been deter-
mined aa a function of mean stress and initial

aam~le density to bezo

Y - S0 + ,LY(l - ●-ap) ,

where Y is the yield strength ●nd p 16 the tnean

streaa. For general three-dimensional loading
statea,

where the ai~ ●re components
●nd ● repeated Indax implies

(5)

of the ntress
aunmation.

deviator

Eauation (5) uives s Rood fit to the failure .--
-surface over the range of initial densities o: 2.0
.g/cm3 to 2.25 Blctn3 as shown ill Fig. 6. lhe Param
●tera YO, AK, ●nd ● depend on initial denaitv ●c-
cordin8 to Fig. ?. Also presented in FIR. 7 la the
●pproximate value of p* (the preaaure ●t which the
transition from brittle to ductile inelastic defor-
mation occurs) •~ detemined from the results of
Reard21 ●nd Simonaon ●t al.22 Heard finds p- ●t
the brittle-ductile transition in 2.19- ●nd 2.2S-
g/cd oil ●hale to be ●pprox-tely 0.1 ●nd 0.5
GPa, respectively. TYi-ial teata by Sfmonson ●t
●l. indicate ● somewhat lower ?alue for p* in the
2.25-g/cm3 material. Generally, determination @f
Umambiguoua valueaofp* asa function of density la
difficult in te~a of the pmsmt data, ●nd the
straight line shown in Fig. 7 la seana aa only a
very groaa ●pproxlmstionm For uample, the value
of P* = 0.1 GPa in 2,0-g/cm3 oil should be thought
of only aa ● upper limit. L,sboratory maaurements
to determine the value of p* ●a ● function of mate-
rial daneity mora preciael.y would be very useful.

J I , I I I 1
0 01 a 0: 0.s 0.s 06 e? 00 cs

CcmfinqSMIBUM lo%:

Fig. 6. Yieit strength of 2.0- ●nd 2.25-g/cr3 oil
shale as a function of confininE pressura.
Mao indicatet is the approximate position
of each “brittle/ductile” transition.

=0.0
8
;0

0.0

Density (g/cm’)

Fig. 7. Parematera in the relationship between
yield stress Y and mean stresF p as
functions of ●ample density.

.



To represent ●xplosive fracture and material
cominutimm of oil ●hale, e variable ~, called the
“damage” im Introduced. A value of D = O repre-
sents intact rock ●nd ● vslue of D ■ 1 repreeento
fully fractured rock. Once ● material ●lamer: hmG
●ccumulmtd some damage, the ●hear strength is ●s-
sumad to be degraded ●ccording to

Y=Yo[l-9(1-F/p*)m]+hY(l -e-ap) s F < P*
(6)

y.yo+ Ay(l-e-ap) , p> p*

which reduces te Eq. (5) when 9 ■ O (intact rock)
●nd gx~es Y - 0 for p = O when U = 1 (fully frac-
tured rock) me chow in Fig. 8. The ●xponent m la
found to be ●pproxtiately ●qual to 2 from consider-
●tion of the frictional properties of jointed oil
●hala.

I
I P:Y’
I
I
I

P:Y ‘

U=l Pc P“

~ia. 8. Faiiure siurfaces for intact (solid lina)
●nd fully fractured (dashed line) oil
shale. Above pressure p● the two surfaces
●re identical .

From Eq. (6), a physical interpretation of the
damage variable 01s sugg~sted. Under conditions
of zero meen strees the fuilure strengths for in-
tact ●nd damaged rock are YO and Y, respectively,
From Eq. (6) it is found that

‘o-yv.— ,

‘o

(7)

Thus U can be thought of as the fractional loee of
●treng.h of ● Sufficiently large sample containing
● fully representative distribution of crack ●icea.

The damage ●ccumulation rate ie related to the
amount of inelaetic defamation that takes place
below the preeeure p*. This ie calculated in terns
of ● rate-depandent plasticity model.

Plasticity theory is often ueed with ● non-
●esociated fl~ mle in which the potantial func-
tion f(oij) givee the plaetic etraln-rate c~-
ponents according to

(s)

whera ~ ie a poeitive ●calmr quantity ●ithar deter-
mined by the condition that the atraee ●tate r~ln

on che failure surface In ● rate-depandent thaory,
or apecifyinb th; rate of relaxat.o~ to the fitatic
failure ●nvelopc in ● rat-dependent theory.

Plastic strain ratw8 are calculated ●ccording
to the foil-”ing potential funct:.on.

.=.f(cij) - Y2+ (p - PJ2 - 1.0 * P<PC

2 (9)

‘(cij)- y - 1 ‘
p>pc .

Here pc is ● positive pressur~, or mean stress,
●bove which little or no dilatar.c volume strain oc-
curs under triaxial loading conditiorm. A ValUE Of

PC = 0.! GPa (or 1 kb6r) is used throughout for oil
shale. Equations (8) ●nd (9) give the fo;l~~in~
apressions for the plastic strain-rate components.

[
E;j - i : (P - PcMij + 3sij 1 mP<PC

;P “
(lo)

- 3is
.

ij ij ‘
p>pc .

It was mentionar! above that, PC represents th~
pressure ●bove which there ie no dilatant volume
strain, anti this condition is represented exactly
by Eq. (10); that is,

;~k, = O for p> PC.

Experimentally, Schuler~~ has shown that this con-
dition is not alway6 the case for oil shale and
that the magnitude of the departure froc this con-

P dition depends on the kero,gen content or iCiLial

density. Therefore, the flow rule, Eq. (10), is
❑edified to account for this experimental fact.

In triaxial compression tests of oil shale,
the ratio of tranaverae to longitudinal strain in-
crements is nearly constant, independent of pres-
sure. Therefore, if the elastic, or receveratle,
part of the strain is small,

(11)

where e is a function of the keropen content k.
For example, e “U1 for 20-gal/ton shalt and C t 0.5
for 80-gal/ton ehale. From Eq. (11) we find that

- 2e ;P:P.1
v l+e ‘ (12)

where ~p _ ;: - ~P is the pl stic ahear deformation

rate. From Eq. (!O], yP-3!Y. There fore, for
e > 0.5 there is a nonzero contribution to the in-
●laatic volume strain rata, ●nd this term is added
to tha plaatic strairpate componentaOof Eq. (10)
to give (volumetric, CTI davimtoric, ●~j)

6P = 1[2(F -
v 1pc) +~&Y , p<pc

;P .*% ,
v

p>pc (13)

;P
ij - Sfeij ‘ ‘or ●ll p“

The ●quation of state, or conatitutive rela-
tion, for oil shale uaad in the two-dimensional La-
grangian Calculation of mxp)oaive loading is then



given in terms of the hydrostatic pressure rate ~
●nd deviatoric stress rate hij

●ccording to

6 - 9.+1 -mCv)-30+mCv- “ -P)+ porof ,‘O%)(cv
(14)

. .
= @(e “p)-t

‘Ij ij - ‘ij ij ‘
(15)

there Cv and ●ij ate the total volumetric ●nd de-
vtitoric strain components. IrI Eq. (14) PC IE the
initialdensity, co is the zero-pregsure bulk sound
●peed, o la the straight-line 610pe relating chock
velocity to particle velocity, ro is the Grtineisen
parameter, I is tht npecific internal ●nergy. IR
Eq. (15) u I- the ●haar modulus, ●nt! tij corrects
~Ij for th~ routlon rate of the Lagran&ian coor-
dinate e,.at= ab defined previously.16

TG represent rate-dependent materiel behavior,
the term I la written *6

where b (units df strees-2 time-l) is ● constant
●nd AS is ● scaler quantity specifying the depar-
ture of the stress etate from the static failure
envelope. For p > pc we have cho~en AS ■ Y’ -
g(p’,o) and for p < PC the quan:ity 2S is deter-
mined by the straight-line distnnce (in stress
space) from point P’,Y’ to point A shcm in Fig.8.

The rete ●t w>l:h damage ~ccumulates depends
on tlw rate of inelastic deformation helm the
brittle/ductile point defined by the meat stress

P*. For ❑ean stresses greater than p*, oil shale
defoms in ● ductile manner without fracturing ●nd
leas of strength. It might ●lso be expected that

the damage accumulation rate decreaeea as ~ ap-
proaches 1. That 16, it is harder to create addi-

tional damage in an already fractured rock than it
la in an intact, or nearly intact, specimen.

A mathmnatical expression for D that containe
these ideas is given by

fi=cj.(l -U)!l -p/p*) , for p< P* ~17)

u-o , forp>pti .

Her~ C if ● scalar quantity (with units of ●treas)
to be determined by uompariaon of finite-differ-
.znce calculation with field ●nd laboratory ●-Dari-
mente.

FINIIE-DIFFERENCE CALCULATIONS

Numerical calculation~ of mxFlosive rock
breabga are perfomed with the tvo-dimensional
finite-difference code 2DL.16 T’IIiS cade gives ●

solution to the coupled eet of partial differ~n-
tial ●quatione of maaa, mcmentum, and ●nergy con-
tention combined with the explosive ●quation of
ctate ●nd material conatitutive description pre-
●ented in the prsvious section,

In all calculations shown here the ,. shale
density la taken to be 2.25 8/cm3, corresponding to
● kerogen content of approximately 20 @al/ton.17
Tha thermoplastic ●nd failure surfac,: parameters
●re tb.cn found to be, from thp previoue saction:

co - 0.30 cn/hs

s - 1.5

rom 1.4

~ = 0.3 cal!g

~o 9 0.07 Cpa

Ay D 0.45 Cpa

● - 3 Cpa-l

The only unknom. ma:erial paramatera ●re t in Eq.
(16) ●nd ~, the damage•cc~ulaciofirate constant
in Eq. (17). A value of b - 0.1 GPa-2 ia chosen m
give the largest allowa~le rate of relu.atinn to
Y = g(p,o) cuch that the numerical eo]utior rmu-sins
ctable ant, therefore, cloeely represents rate-
~ependenc materiai reeponae.

The first calculation s~ulatesacraterin~ ex-
perlmen: conaucted in th~ fioor of th~ CLlmy ?line
near Rifle, Colorado.26 Herea 10-8-cm-dianeter AhW
charge (65-en lon~) was placed 12!’ cmbelow the fret
surface (to th~ topof tht charge) ●nd detcnated frcr
the bottoe. The charge hole was stemmed uith crushed
oil ehale. ~Gcalcu?aLed dazage pattern at t-1.lL
ms (with [=50 C!’a ●nd p*=O.1 GP&) ie 6howr.inFig.9
in relaticns?.ip tc the observed crater. This value
of phia less than given by tha graph in Fig. 7 be-
cause the awragc karcgen content of this materi=l was
thought to be eomewhat richer than 20gal/ton. A high-
lY rubblized zone (~ > 0.7) of broken roch occurs
n-t tc the fret eurfact directly above the ax:lcsive
charge, with modest (0.3 < ~ < 0.7) ●nd low (Cl <
U < CI.3) level damage extendin& to gredter de;:!. a-
round the borehcle. These obsem,ations give a quali-
tative rep~esencation of the fragment size distri5u-
tien in”th~ rubbl~ pile.

It is seen that thetheary predicts anur.brck=
region in the immediate vicinityof th~ bore:,cle. 6G-
causeof the very high confitiing pressures :r t?.isre-
gicr, (>0.1 GPa) the inelastic defomatior. was cG:-
tile. The final hole diam~ter i$ calculated CC5E:7.C
.

Free Surface
250

(Preemre cmtoura
0.05 GPa internal)

0.3<0.0.7 p

o 125 250

R (m)IJ = 13.6 GPa

Cll
= 38.3 G~a Fia. 9. Calculated damage pattern for 10-cm-diameter

ANFO charge in ~il-shale.
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a cm. Themeesured final diameter (}2C err) was diffi-
becausaof flaking of th~ wall, indi-
degrtt o! rubblizatiori msy havti

occurred near the ctvity.

The damage psttern of Fig. 9 ●hW6 only the
very earlY breakase due to the fir6t pas6age (and

reflection from the free surface) of the mxplo-
●ively gmnerated shock wave. At t - 1.14 m6 there
remains ● pre6i Jre of W3.4 GP6 (“4C ksi) in th6
borehole ant chi6 would be expacted to drive ●

large conical-abaped crack to the eurfact. Con-
sideration of ho~ ● large ecale crack propagates to
the surface is the subject of current investigation.

The ●econd set of calculationfi has to do wit},
bench blzsting in planar Eaomatry. A 1~-cm-thick
ANTO 61aL (1-m long) i6 placad 60 cm from ● free
cornar ●s ~howm in Fig. 10A. The performance prop-
●rtiee of ANFO are interpolated froz data on the
10-cm- ●cd 20-cm-diameter wazer-tank taste. ttere
the paremetar6 { ●nd p* ●re taken to be 10 GPa and
0.5 GPa, respectively. The key to the shaded r~
giOUe 16 the came as for Fig. 9.

In blasting to a free volume (Fig. 10A) highly
fracturad regions are produced near the free sur-
facas, both directly below ●nd to the right of the
explo6ive charge. In addition, ● highly fractured
region ii produced b~~eer th~ upper right corner
of the esplosive and the free corner, thus in-
dicating that a clear: break ehould be produced
fr~ the tap of the explosive charge LO the free
corl,er .

A

400--

o 200

FREE

SURFACE

—

I

A ●eco-d case was etudie? in whit!. rubblizet
oil 6hale (2C~ pcrous, with correspond:n E rti.u:-
tion in moIiL~i) wa6 pla. ed in the regisr. 6C cc to
th~ ri~ht of th~ plsnar charge: Fig. 10E. The
●ffect of dense rutklized rock was cc in?lhjt
intensivt breakese to the right of the chargt, but
not to change 6ubstantiell Y the damage pattern

extending froz the top of the charge tG the
corner. fieE* interpretatiotm are repenter. t or.
the correct assignment of parmeters ( arid F*, and
therefore should net be conaiderad fim c:. the
basi6 of U.isting data. A.160, fOr ●ctual field
●p~licat ions, ● rcw of cylindrical ex~losive
charges ie @enarally u6ed instead of tht ideal
planer charEe. Proper emulation of ~istributet
cylindrical c}.ar2a6 16 ●lao necessary befcre such
planar calculations can be considered represer.:a -
tive.

slPftL4P.Y

Successful calculation of explosive rock
braabge requiree knowladge of cmmnerciai explosive
performance ●od material constitutive properties of
intact ●nd fractured rock. me nonideal par fcrm-
ance properties of ,!ATO are pt asented here as a
function of charge diameter and ●re U6ad in calcu-
lations of field =periments. A su~ary of rock
proper tie6 16 preeented for Anvil Point oil ehale
as functions of density or, ●lternatively, kero~en
co.ltent. Thaea data are then cmbined with a con-
t!nuur model Of rock fracture, ●nd 6eVera~ wc -
dtiensional finite-difference calculations art per-
fetmed for crater ●nd bench blasting geometries.

-.

200

‘o 200 70 0

~ (CM) x (CM)

Fig. 100 tilculatad damage patterna for 15-cm-thick
planar ANFO cha;ge- 60 cm from (A) frae
corner, (B) 80% danse rubble,
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Thest calculation shm the expected spatial
location of th~ fracture damage produced on the
simglt (or direct ●nd reflectd) passage of the
ecress wave which corr,e~ from the explosive source.
?h~ calculation ●lsc gfveb th~ ●quilibrium pre~sure
in th~ borehole on the order of ● Billieecond ●fter
explosive i~i?iation. Uha: is prefientlv lacking in
such ● calculation ia ● description of h- this re-
sidual pressure (~ 0.6-0.5 GPa, or 60-75 ksi)
drives large+cale cracb to ● nearby free surface.

If we think of aplc~ive rock fragmentation as
the mm separate and distinct processes of (i) rub-
blization ●n~ fragmentation on the first passa~e
(direc. ●nt refle:ted) of the initial chock wave,
●nd (ii) large-ecale crack propagation to ● free
ourface, then ●dditional calculstion~ ca~ perhaps
be perfomet co follow the propagation of individ-
ual cracks perpendicular to the late-time (>1 ms)
minimum principal (tensile) stress. The initial
conditions for such calculations would be obtained
from damag~ calculations, ouch SE ●hove in Figs. 5
●nd 10, after ●pproximately 1 ,.G. Theee ●ffects
●re preaentl~ being Investigate.
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